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The spine is a complex biomechanical system with a double support and protection function. It can adapt to various stresses to which it is subjected by posture or daily activities but these functions presuppose spine stability.

Degenerative disease of the spine is a generic term encompassing a wide range of different disease processes, from herniated discs to the pathology of yellow ligaments, and traumatic events can accelerate this aging process ([@r1]-[@r5]).

Examples include low back pain, sciatica, spinal deformity, spinal tumors and spinal injury, including trauma to the spinal cord. Frequently these are related with a loss of stability (instability) particularly at the lumbar level ([@r6]-[@r10]).

Spinal instability can be defined as the loss of the ability of the spine under physiologic loads to maintain its patterns of displacement; there is no initial or additional neurologic deficit, no major deformity and no incapacitating pain ([@r11]-[@r15]) and it is due to a loss of stiffness ([@r7], [@r16]-[@r20]) with abnormal or excessive motion at one or more levels which can result in low back pain (LBP) and can impair neural structures. Abnormal movements include angular rotation between vertebral segments, or translational motion where parallel vertebrae move past each other ([@r21]-[@r25]).

The intervertebral discs provide the majority of the spine intrinsic stability by resisting small movements, and disc degeneration is widely associated with segmental instability. In fact, minute differences in translational motion are linked to the degree of disc degeneration ([@r26]-[@r30]).

The nucleus pulposus is normally soft and deformable. It exhibits a characteristic hydrostatic pressure along with the inner annulus fibrosus. Degeneration in the intervertebral discs typically begins during the second decade of life in men and the third decade in women ([@r31]-[@r35])*.* With increasing age and degeneration, the nucleus becomes dehydrated, fibrous, and stiff; thereby providing less cushioning effect. This results in increased axial loading stress on the vertebral endplates, and endplate morphology remodeling may occur around the degenerated disc. Damage to an adjacent endplate or supporting trabeculae can also lead to signal changes in the vertebral endplate ([@r36]-[@r40]).

Degeneration then appears posteriorly in the facet joints, causing altered mechanical function of the disc and ultimately spinal instability and clinical symptoms ([@r39], [@r41]-[@r45]).

Imaging of the spine poses particular challenges, both to the radiologist and to the clinician. The dynamic nature of the spine and its mobility across multiple segments is difficult to depict with any single imaging modality ([@r46]-[@r50]).

We can find different phases in the chronic spinal degenerative cascade: in the dysfunction phase (occasional undefined pain epiodes, with no or minimal changes in the spinal joints) frequently there are no imaging findings; in the instability phase (characterized by more frequent to chronic pain episodes) multiple signs are appreciable on radiologic examinations (X-Ray, MRI, and CT scans), such as facets degeneration and disk space narrowing: these elements lead to abnormal vertebral movement and alignment, up to anterolisthesis or retrolisthesis (end plate, peduncle, and isthmic edema; Modic changes; traction spurs; extended discal vacuum; facets gapping with joint effusion or vacuum; synovial cysts; annular tears; spondylolysthesis; and retrolysthesis are typical imaging findings of the full-blown disease). In the final phase, restabilization, structural compensatory remodeling phenomena bring reduced mobility and stiffness. Marginal osteophytes, disk collapse, radial expansion of vertebral bodies and facets and end plate, spinous and transverse sclerosis: all these remodeling processes interrupt vertebral slippage but also block physiologic movements ([@r6], [@r32], [@r51]-[@r55]).

Unlike degenerative instability, the relationship between imaging findings and clinical symptoms tends to be more direct in traumatic spinal instability ([@r56]-[@r60]).

The thoracolumbar spine is the most common site afflicted by trauma; L1 is the most common vertebra followed by T12 ([@r61]-[@r65]). The most important finding in recognizing stableversus unstable fractures is the state of the posteriorligaments; the status of posterior ligaments afteran injury is of great importance for the stabilityof the injured spine: the conditionof the posterior column in fact suggests fractureinstability, which increases remarkably in casesof lesions to the posterior ligaments ([@r6], [@r45], [@r66]-[@r70]).

Spinal instability can also be the result of a neoplastic process associated with movement-related pain, symptomatic or progressive deformity, neural compromise under physiologic loads and requires a specific and different set of criteria for stability assessment ([@r71]-[@r75]).

Imaging of the spine {#sec1-2}
====================

Until a few years ago, X-ray was the only imaging modality for the spine in the upright position. This examination is valid and useful for evaluating spinal curvatures, but it shows its limitations for disc structures or when it is necessary to obtain measurements free from problems due to overlapping of anatomical images ([@r67], [@r76]-[@r80]).

Of the imaging technique scurrently available, magnetic resonance imaging (MRI) provides the greatest range of information and most accurate delineation of soft-tissue and osseous structures, enabling detection of subtle abnormalities with great sensitivity ([@r2], [@r40], [@r69], [@r81]-[@r85]).

MRI is a noninvasive diagnostic tool that is widely used to evaluate various diseases of the lumbar spine ([@r86]).

Conventional MRI examinations of the spine usually are performed in supine position, in functional rest, but the lumbar spine instability is often shown by upright standing and hidden in the supine position ([@r87], [@r88]).

However, it provides only non-weightbearing, static images, whereas spinal disorders, especially cervical and lumbar stenosis, are posture-dependent. This is unaccounted for in supine radiographs, computed tomography (CT), and magnetic resonance imaging (MRI)([@r89]).

False negatives in the supine position are often due to patient position, with knees and hips bent and spinal variation with increasing breadth of the foramen and vertebral canal. Pathological conditions underlying clinical symptoms, often prompted by standing or sitting, are therefore not seen. This can result in negative findings, even in the presence of symptoms, or an underestimation of pathological specimens. Regardless, the final result is distorted ([@r90]). To overcome this limitation, radiographic studies of spinal kinematics have shown that changes occur in the seated and erect posture in relation. Kinetic MRI (kMRI) can image patients in a weight-bearing position (either standing up or sitting) and in ﬂexed and extended positions, thus revealing abnormalities that are missed by traditional MRIstudies ([@r91]-[@r93]).

A first attempt to evaluate the spine under the loading condition was done with the axial load technique, which is to simulate physiological loading of the spine in the orthostatic position, both with CT and MRI, by compression devices which administer an axial compression force. Although results were certainly interesting, the technique has not achieved a general consensus. Studies with axial load, even if they allow better assessment in relation to the higher signalto-noise ratio (SNR) afforded by the high-field equipment, do not allow evaluation of the influence that physiological load - represented by the weight of the head and body and by muscle activation -- has on the lumbar spine, simulating a load with caudate-cranial direction ([@r94]-[@r96]).

Dynamic MRI use open magnet scanners that allowed upright scanning in either seated or standing body position, which allow better performance in terms of assessment of spinal instability and variations of some pathologic conditions from recumbent to upright position.

Imaging of the spine in a weight-bearing position with extension and ﬂexion or placing the spine in the position of pain may also increase the diagnostic accuracy also for spine surgeons ([@r69], [@r97]).

Usually the magnetic fields are 0.25 T, 0.5 T, and 0.6 T. Images are obtained with patient both supine and upright in the flexed, extended, rotated, standing, and bending positions. Cervical and lumbar spine are most commonly studied.

Evaluation of cervical degeneration by kMRI {#sec1-3}
===========================================

kMRI may better relate the patient's clinical symptoms to objective images demonstrating pathology. The disc degeneration level can be difined as ([@r98]) : - Grade 0 (no degeneration),- Grade I (mild degeneration),- Grade II (moderate degeneration),- Grade III (severe degeneration).

Modic et al. identified and classified them into three types ([@r99]): - type 1, hypointense signal on T1- weighted sequences and hyperintense signal on T2- weighted sequences;- type 2, hyperintense signal on T1 sequences and hyper- or isointense signal on T2 sequences;- type 3, hypointense signal on T1 and T2 sequences.

Histological and radiological studies have demonstrated that type 1 reflects inflammatory changes in the vertebral endplates; type 2 reflects fatty marrow; and type 3 represents sclerotic changes of the endplates.

kMRI can improve the evaluation of disc degeneration, but also the detection of cervical disc bulges. A signiﬁcant increase in the degree of cervical disc bulge can be found in extension views when compared to neutral views alone. Extension MRI compared with traditional neutral MRI can reveal that the incidence of missed disc bulges is high. This suggests that extension MRI views yield a higher detection rate of missed cervical disc bulges (more than ﬂexion views). Flexion and extension MRI views provide valuable, additional information when assessing patients for cervical disc bulges and may be especially useful in situations where symptomatic radiculopathy is present with unimpressive traditional neutral MRI studies ([Fig. 1](#F1){ref-type="fig"}) ([@r100]).

![Cervical Spine MRI in extended (a, b) and flexed (c, d) position. The extended position better underlines both cervical disc bulges and the yellow ligament hypertrophy with its extrusion (unmatched aspect in the flexed position)](ACTA-89-89-g001){#F1}

kMRI can also be used to evaluate patients with neck pain and no prior history of surgery. Although disc height, translational motion, and angular variation is signiﬁcantly affected at the level of disc herniation, there is no apparent signiﬁcant changes in adjacent segments. These ﬁndings indicate that, regardless of the degree of disc degeneration or the size of disc herniation, herniated discs have no effect on range of motion in adjacent levels, suggesting that the natural progression of disc degeneration and adjacent segment disease may be separate, unrelated processes within the cervical spine ([@r101]).

Changes in sagittal alignment of the cervical spine affect the kinematics and progress of cervical intervertebral disc degeneration ([@r102]).

In fact the degenerative process affects the mobility of the functional spinal unit, which moves from a normal disc to a more unstable phase with increased mobility and further degeneration. However, as the degeneration enters the later phases and becomes more severe, the range of motion stabilizes because ankylosis develops ([@r103]).

In general, the translation motion decreased from proximal segment to distal segment, and the disc from C2 to C6 moved posteriorly and C7 moved anteriorly ([@r98]).

Regarding the relationship between the grade ofdisc degeneration and motion of the segmental unit of thecervical, in severely degeneratedsegments (grade 5 discs), angular motion of C4-5 andC5-6 is significantly decreased ([@r104]).

Cervical segments with MCs atC4-5 and C5-6 have less motion than those without MCs, aswell as segments with MCs have significantly severedisc degeneration. The segments with MCs likely tend toankylose and lose mobility with severe degeneration ([@r93]).

With a MR analyzer software we can also measure the two-dimensional motion of the spinal on true MR images ([@r98]).

In normal cervical spines, most of the total angular mobility is attributable to C4-5 and C5-6 and that mobility is signiﬁcantly reduced in these segments in patients with severe disc degeneration and in segments with severe cord compression compared with those with no cord compression ([@r105], [@r106]).

Cervical cord compression was defined as obliteration of the subarachnoid space in the presence of disc herniation, osteophyte formation, or hypertrophy of the ligamentum flavum ([@r93]).

Cervical cord compression at each segment can be evaluated using a 5-point grading scale ([@r107], [@r108]): - 0: Normal width of the spinal canal, no signs of anterior and posterior subarachnoid space narrowing.- 1: Partial obliteration of the anterior or posterior subarachnoid space or of both.- 2: Complete obliteration of the anterior or posterior subarachnoid space or of both.- 3: Anterior or posterior cord compression with the deformation of spinal cord .- 4: Spinal cord impingement with the deformation of spinal cord from both anterior and posterior side.

Kinematic trait associated with a congenitally narrow canal may greatly contribute to pathological changes in the cervical spine. Cervical spinal canal diameter of less than 13 mm may be associated with an increased risk for development of pathological changes in cervical intervertebral discs. Subsequently, the presence of a congenitally narrow canal can expose individuals to a greater risk of developing cervical spinal stenosis ([@r109]).

Evaluation of lumbar degeneration by kMRI {#sec1-4}
=========================================

An open-conﬁguration, low-ﬁeld tilting MRI system is a feasible and promising tool to study the degenerative pathology of the lumbar spine. It is important to evaluate and quantify the statistical signiﬁcance of variations of some anatomical parameters of the lumbosacral spine and reveal occult disc pathologiesin the transition from recumbent to upright position in patients with acute and chronic low back pain.

Dynamic MRI allows to evaluate the following parameters ([@r76]): **Lumbosacral angle**: It is defined as the anterior open-angle intercepted by two tangent lines of the anterior walls of L5 and S1. The lumbosacral angle decreases in relation to verticality of the spine, which is necessary to support the increase in weight. The normal range for this angle is 120-180°. An increased angle corresponds to vertical tilting of the sacrum, which biomechanically produces an increased load on the anterior column and accelerates the degenerative processes of the L5-S1 disc. On the contrary, a decreased lumbosacral angle is associated with sacrum horizontalization, which consequently creates an amplified load on the posterior elements (facet joints) ([Fig. 2](#F2){ref-type="fig"}).**Lordosis angle**: It is defined as the superior open angle intercepted between the two perpendicular lines to the tangent of the superior endplate of L1 and the inferior endplate of L5. This angle has a normal value of about 50°. The increase in lordosis angle reflects compensation by muscle contracture ([Fig. 2](#F2){ref-type="fig"}).**Disc height**: This is measured at the point of maximum distance between the inferior and superior endplates of two adjacent vertebrae. In standing position intervertebral disc thickness is reduced from supine to standing position. In particular, the reduction of disc height affects the posterior portion, whereas anteriorly there is a slight increase, with major changes at L2-L3 and L3-L4.**Interspinous distance between two adjacent vertebrae.Maximum anteroposterior diameter of the dural sac**.

![Fast spin echo (FSE) T2-weighted magnetic resonance images (MRI) in the sagittal plane. a) Supine position: lumbosacral angle 124°, lordosis angle 40°; b) Upright position: lumbosacral angle 115°, lordosis angle 57°](ACTA-89-89-g002){#F2}

The lumbar segments act as load-bearing, provision of movement, and protection of neural elements, in which endplate is the point of transfer of force between the vertebrae and the disc. Signal changes in the endplate described by Modic et al have been shown constitute the crucial element in the degenerative process around the disc in relation to LBP and clinical findings ([@r38]). Disc degeneration and Modic changes would probably reinforce each other because endplate disruption could lead to degenerative changes in the nucleus by various biological means and nucleus dehydration would lead to greater stress concentrations acting on the endplate ([@r110]) and disc degeneration with Modic changes is frequently associated with instability and LBP ([@r111]).

Therefore, it has been postulated that intervertebral disc and vertebral endplate degenerative changes would result in increased or abnormal spinal segmental motion ([@r112]).

The vertebral endplate has an important role in maintaining the integrity and function of the intervertebral disc and endplate remodeling may occur around the disc in response to altered load distributions ([@r37], [@r113]).

Endplate remodeling may occur as an adaptation to restrain abnormal movement of the lumbar segment. Using KMRI, analized sagittal endplate shape at each level of the lumbar spine. It was categorized as concave, ﬂat, or irregular: concave if the lateral endplate image demonstrated a smooth concave curvature; ﬂat if the endplate seemed to be a straight line with no apparent curvature; irregular if the endplate seemed convex, jagged, or rough due to calciﬁcation.

Translational motion in the lumbar spine is greatest in the proximal lumbar levels whereas angular motion is similar in the mid-lumbar levels but decreased at L1-L2 and L5-S1 ([@r114]) and it is higher at levels with irregular endplates and progressively decreased at those with flat and then concaves endplates. Angular motions follow the opposite trend ([@r115]).

It is possible also to define 3 stages of degeneration with accompanying changes in stability and motion. The first stage is characterized by temporary dysfunction with early signs of disc degeneration and fi brillation of the articular cartilage. The second stage involves unstable, abnormal movement of the spinal units. The third, most advanced stage, accompanies secondary responses in adjacent osseous and soft-tissue structures that restabilize the spine ([@r116]).

Lumbar degeneration is also closely associated with abnormal segmental motion. Abnormal segmental motion noted on kinetic MR images is closely associated with disc degeneration, facet joint osteoarthritis, and the pathological characteristics of the interspinous ligaments, ligamentum ﬂavum and paraspinal muscles. By measuring abnormal segmental motion and grading radiographic parameters simultaneously, kMRI of patients with mechanical back pain may provide valuable information about the stability of the functional spine unit ([@r117]). Also joint degeneration and ligamentum ﬂavum status are an important factor in spine degeneration with increasing age ([@r118], [@r119]).

Facet tropism has been investigated as a predisposing factor for degenerative changes in the lumbar spine ([Fig. 3](#F3){ref-type="fig"}).

![Fast spin echo (FSE) T2-weighted MRI images in the sagittal and axial planes in supine position (a, b) and in weightbearing position (c, d). The upright images show a reduction of conjugate phoramen and an anterior sliding of the right joint capsule with reduction of the neural foramen. The degree of disc and facet joint degeneration has a positive association with excessive translational motion while the degree of facet joint degeneration has a negative association with excessive angular motion](ACTA-89-89-g003){#F3}

Facet tropism is deﬁned as asymmetry between the orientation angles of the right and left vertebral facet joints. It has been investigated as a predisposing factor for degenerative changes in the lumbar spine. Do et al. deﬁned mild facet tropism as a bilateral angle positive difference between the mean (6°) and +1 SD (11°), based on the L4-L5 distribution, and severe facet tropism as a difference greater than +1 SD. Although mean facet asymmetry increases from L3-L4 to L5-S1, the distribution of facet asymmetry at those levels is not signiﬁcantly different, so it is possible to use a single deﬁnition for all three levels. Age is also associated with increased severity of facet tropism ([@r120]).

kMRI can be used to assess the relationship between degree of facet tropism and amount of dynamic disc bulge in the lumbar spine in patients with low back pain. Severe facet tropism is associated with increased disc bulge at L4-L5 in older patients ([@r121]).

Facet joint degeneration is followed by disc degeneration with increasing age and that segmental mobility is inﬂuenced by disc degeneration, facet joint osteoarthritis and ligament pathology. Therefore, the current status of the intervertebral discs, facet joints and ligamentum ﬂavum should be taken into consideration when evaluating stability within the lumbar spine. Lumbar segmental instability has been recognized as a cause of low back pain and a highly controversial concept ([@r118]).

Segmental instability is deﬁned kinematically as the abnormal increased motion of each vertebra compared to the normal range of motion of normal spines ([@r122]). The many causes of instability include fractures, dislocations, tumors, infections, scoliosis, spondylolisthesis, and degenerative changes. Instability can result in pain and put the neural structures at risk ([@r123]).

Facet joint degeneration is followed by disc degeneration with increasing age and that segmental mobility is inﬂuenced by disc degeneration, facet joint osteoarthritis, ligament pathology and conjugation phoramen variations ([Fig. 4](#F4){ref-type="fig"}).

![Conjugation foramen width in the transition from supine (a) to upright position (b)](ACTA-89-89-g004){#F4}

Therefore, the current status of the intervertebral discs, facet joints and ligamentum ﬂavum should be taken into consideration when evaluating stability within the lumbar spine ([@r118]).

Using kMRI, excessive translational motion signiﬁcantly increased in patients with grade IV discs, but decreased when the disc degeneration advanced to grade V. Angular motion was similar regardless of disc grade, excet in grade V degeneration in which angular motion decreased signiﬁcantly ([@r124]).

Limits {#sec1-5}
======

Dynamic MRI is a promising technique because it can more thoroughly investigates each patient and facilitates better understanding of the true nature of the spine pathology ([@r115]).

Despite this, it also entails some limitations, first of all represented by the low-field magnet resulting in a low signal-to-noise ratio with a reduced image quality compared with the common high-field magnet ([@r76]).

Another important limit is the long scanning time compared with conventional supine MRI because of the additional acquisitions in upright standing, which induces pain problems exacerbated by upright position and motion artefacts; symptomatic patients, in fact, may find difficult to maintain the immobility position necessary for the whole duration of the imaging acquisition in the upright position. Consequently, difficulties can occur in reproducing the positioning between the sequences ([@r76]).

These limits could be partially balanced by the use of 3-D scan protocol with a precise postprocessing reconstruction using the MPR algorithm with an effective thickness of 1 mm, parallel to the vertebral end plate in the coronal and sagittal planes ([@r125]).

Finally, some investigators also reported an occasional difficulty encountered in evaluating the most lateral areas of the spine, such as exit foramen and lateral recesses, due to section thickness and degree of patient rotation and lateral flexion. These devices also have the advantage of eliminating a patient's feeling of claustrophobia, which sometimes limits diagnostic evaluation of the spine ([@r76], [@r96]).

Conclusions {#sec1-6}
===========

Clinical disorders of the human spine actually have a high prevalence in society and they are frequently related with a loss of spine stability, particularly at the lumbar level, for traumatic, neoplastic, and degenerative factors. These are causes of spinal pain and disability with a high social and economic impact.

Therefore, imaging of the spine poses particular challenges for radiologists because the dynamic nature of the spine is difficult to depict with any single imaging modality.

Supine MRI remains the technique of choice for detecting degenerative spine disease associated with acute and chronic pain. However, conventional MRI performed in the supine position sometimes is unable to answer the clinical question because the patient position can hide the presence of spine instability signs and bring to false negative results. In these cases and when it is necessary to assess more accurately the degree of spinal instability, particularly if surgical therapy is scheduled, the upright MRI can be a complementary investigation to the traditional methods.

Upright or postural MRI is conceptually the modality of choice for dynamic imaging of the spine. It combines the superior contrast resolution of MRI with the advantages of imaging the spine in a truly functional position and may more specifically and sensitively relate the patient's clinical symptoms to objective imaging evidences. The literature has widely demonstrated its potential usefulness in cases of occult stenosis, dynamic disc herniations, and spinal instability and it also can assist in the planning of complex surgical procedures.

Therefore, despite the limits associated with the higher impact on time and costs and with a lower tolerabilty by the suffering patients, kMRI can become a promising technique in the diagnostic path of spine desease with a high diagnostic accuracy and a full evaluation of all involved factors.
